Abstract
Introduction
Wireless sensor networks (WSNs) [1, 2] is a new technology of sensing and computing which allows us to discover, observe, and respond to phenomenon in the region of interest. Applications of WSNs, such as environmental monitoring, health monitoring, tracking and intrusion detecting, are common.
Sensor Coverage Problem is one of the most important problems in WSNs [3] [4] [5] . Sensor nodes in the networks randomly scatter in the region, each node has its own detection radius and communication radius. We assume that a node can directly communicate with other nodes within its communication radius and detect a phenomenon that occurred within its sensing radius [6] . The data collected by all nodes in the region will transmit to the sink node by way of multi-hop after local and fusion processing [7] . There are usually some regions, called coverage holes, which are not monitored by the sensor nodes. The reason for this phenomenon is the sparse distribution of sensor nodes in the local area and the appearance of failure nodes in the networks [8] . The existence of coverage holes always invalidates the detecting of data in networks and interrupts the communication link. Filling the coverage holes can ensure the data collection and communication links [9] , improve the perception of the network and the quality of the service [10] . This topic is a hotspot question within current WSNs research.
Related Works
To solve the problem of detecting coverage holes, which are not covered by WSNs, Kanno [11] presents a proposal which used algebraic topology to build a topological graph of communication in sensor nodes. This method can be applied to WSNs, whose node coordinates are unknown. It is aimed at the hybrid WSNs of mobile nodes and static nodes in random distributions. The work in [12, 13] presents an algorithm using the theory of homology to solve the problem of single hole detecting in WSNs. This algorithm only uses local connectivity; hence, the positioning information of sensor nodes is not necessary. The work in [14] presents an algorithm to estimate the exact amount of coverage holes with random deployment using Voronoi diagrams, this algorithm uses static nodes to collaborate and estimate the number of additional mobile nodes needed to be deployed and relocated to optimal positions to maximize coverage. The work in [15] designs a distributed coverage holes recovery algorithm using vector methods to determine the magnitude and direction of mobile nodes; coverage holes of the network are repaired by moving the nodes in a self organized manner. Watfa [16] has proven that the boundary of a coverage hole is constituted by the sensing discs of boundary nodes and presents a distributed algorithm which identifies the coverage holes in the network, and therefore, the sensor nodes that are on the boundary of a coverage hole.
Overview
Consider the situation that a large number of nodes, including static nodes and mobile nodes, randomly scatter in the region of interest. In this case, coverage holes do exist in the networks. The purpose of our research is to create an algorithm to detect the coverage holes and locate their positions.
The algorithm is based on the theory that a coverage hole is constituted by the sensing discs of boundary nodes [16] . We can discover coverage holes by detecting boundary nodes and locate the positions of holes by calculating the properties of the coverage holes, including boundary arcs and boundary vertexes. Through the manual deployment of filling nodes and moving redundant mobile nodes close to the coverage holes, we can fill the coverage holes detected in the network.
The rest of this paper is organized as follows. Section 4 briefly introduces the previous work of locating coverage holes, as well as some basic concepts of coverage holes, including definitions and models of boundary nodes, boundary arcs, boundary vertexes and hole angles. Section 5 describes the coverage holes detecting and locating algorithm in detail. Section 6 illustrates the simulation results of our algorithm in MATLAB. Section 7 gives a brief summary of the work and Section 8 presents the acknowledgements.
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Boolean sensing model
In the sensor coverage models of WSNs, there are some commonly used models like the Boolean sensing model and general sensing model [17] . In order to simplify the problem, this algorithm applies the Boolean sensing model.
In the Boolean sensing model, all of the same size nodes have the same sensing radius. Events occurred in the sensing radius will be discovered, however, events outside the sensing radius will be ignored. Suppose that the location of a sensor node coordinate is x, the coordinate of an event is y, and the sensing radius of the node is r. In this case, the probability that the event is detected by the sensor node is:
is the Euclidean distance between two points. Equation 1 illustrates that the region of interest is completely covered by the sensor nodes equivalent to the whole area of the region that is covered by at least one sensor.
The definition and conclusion of the coverage neighborhood
Referencing the definition of neighborhood in mathematical analyses, this paper provides a concept of coverage neighborhood to judge whether there are coverage holes against sensor nodes or not.
Definition: Suppose the sensing radius of the sensor node p is r and there is an area called S on plane M. If a point q in S satisfies:
The ring S in Figure 1 is called the coverage neighborhood of node p. According to the definition of coverage neighborhood, we can work out the following conclusions: Conclusion 1: If the coverage neighborhood of node P is covered by all of the other nodes, then node A Coverage Holes Detecting Algorithm in Wireless Sensor Networks Yue Xin, Zhenjiang Zhang, Yun Liu P does not have a coverage hole. If, in the coverage neighborhood of node P, an area S' exists which is not covered by the other sensor nodes (M,N,Q), as illustrated in Figure 2 , the direction angle corresponding to the uncovered ring is 12 ( , )
 and the coverage hole exists in the direction angle 12 ( , )
 .
Conclusion 2:
If all coverage neighborhoods of sensor nodes in the target area are covered by other nodes, the target area is completely covered. 
Definitions of related values of a boundary node
 Definition 1: If the coverage neighborhood of a sensor node is not completely covered by the other nodes, then the node is defined as a boundary node; node P in Figure 2 is a boundary node.  Definition 2: The direction angle corresponding to the uncovered ring of the coverage neighborhood is defined as a hole angle. The angle  in Figure 2 is the hole angle of the coverage hole.
 Definition 3: The sensing disk of a hole angle is defined as a boundary arc. The arc QPN shown in Figure 2 is a boundary arc. Coverage holes inside of WSNs are completely surrounded by boundary arcs.  Definition 4: The two endpoints of a coverage boundary arc are defined as coverage vertexes. A couple of the coverage vertexes include the two adjacent nodes of the two neighbor nodes' sensing discs. In Figure 2 , Points X and Y are coverage vertexes.
Calculation of related values of a boundary node
If there are coverage holes around sensor A, then in order to detect and locate these coverage holes around sensor A, we should find all of the boundary nodes and calculate the related values of the boundary nodes, such as the boundary arcs and boundary vertexes.
Because we chose the Boolean sensing model as the coverage model of the sensor nodes, only the nodes at a distance of two times of the sensing radius from sensor A can cover the coverage neighborhood of sensor A. Note that all nodes in the region share a similar specification and sensing radius. All nodes which are at a distance of two times of the sensing radius from sensor A make up the neighbor nodes set of sensor A:{B, C, D, ...}.
Supposing sensor B is a neighbor node of sensor A, then 
The direction angle corresponding to the area covered by sensor B in sensor A's coverage neighborhood is: 
The magnitude of the direction angle corresponding to the area covered by sensor B is:
The coordinates of the two boundary vertexes are: 
We have find out sensor A's neighbor nodes set {B, C, D...} and the covered direction angles
, in the range of covered direction angles exist neighbor nodes. Therefore, there is no coverage hole in these direction angles. The complement of the covered direction angles set shows the range of hole angles, the sensing disc corresponding to these hole angles makes up the coverage boundary.
In Figure 3 
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Detection of coverage holes around a sensor node
This section presents a coverage holes detecting algorithm, according to the properties of boundary nodes on the border of coverage holes. Firstly, a target sensor node discovers a coverage hole in its coverage neighborhood. Then the sensor node broadcasts neighbor nodes detecting messages and waits for a feedback message from the neighbor nodes. With the coordinates of these nodes, we can calculate hole angles, boundary arcs and the boundary vertexes of the target coverage hole. Repeating our algorithm, we determine the boundary nodes properties of neighbor nodes until we search all boundary nodes of the coverage hole. The coverage hole, surrounded by boundary arcs, is then successfully located. By the way of deploying mobile nodes in detected coverage holes, the coverage of the region of interest will increase.
Coverage holes around sensor node A are detected as follows:
Step1: Sensor node A broadcasts the neighbor boundary nodes detecting message (MD) with a given signal strength. The communication distance of MD, with the given signal strength, must be longer than 2 times the sensing radius (assume all sensor nodes share the same sensing radius and also assume the coordinate of sensor A (0,0)). The sensor nodes, which receive the MD, transmit a feedback message (MF) to A. The strength of the received message is included in the feedback messages. The distances to sensor A can be calculated by means of RSSI (Received Signal Strength Indicator) [18] . The coordinates of the other nodes can be calculated by means of trilateration with three distance values [17] . Afterwards, Sensor A registers all numbers of the sensor nodes, which sends back the MF and records their coordinates and distances to A.
Step2: According to the algorithm presented in section 4.4, we can calculate hole angles, boundary arcs and boundary vertexes for sensor A. Every boundary arc for sensor A constructs part of a corresponding coverage hole around A. Choose the pair of boundary vertexes on the endpoints of a boundary arc (these two vertexes are also the crossing points of sensing discs of sensor A and its neighbor boundary nodes B, C). Afterwards, sensor A transmits a "go on detecting boundary nodes" message (MC) and the coordinates of the corresponding boundary vertexes to neighbor boundary nodes B,C.
Step3: Sensor B, which received MC, calculates its boundary node properties (hole angles, boundary arcs and boundary vertexes) like sensor A. According to the coordinate of the boundary vertex, it transmits from sensor A. Sensor B can then determine the corresponding boundary arc and another boundary vertex. The corresponding boundary arc constructs part of the coverage hole. The corresponding boundary vertex is the crossing point of sensor B and its next hop boundary node D. We then go on transmitting the next hop boundary node by detecting a message to sensor D, which is the next hop A Coverage Holes Detecting Algorithm in Wireless Sensor Networks Yue Xin, Zhenjiang Zhang, Yun Liu sensor of sensor B. Similarly, we can detect sensor E, the next hop boundary node of sensor C. We then follow the previous steps above until we find the same sensor node. Finally, we determine all boundary nodes of the coverage hole and record the coordinates of all boundary nodes and their corresponding hole angles and boundary arcs.
Step 4： Repeat Steps 2 and 3 until we locate other coverage holes around sensor A, as illustrated in Figure 4 . 
Detection of all coverage holes in the region of interest
We have described how to detect the coverage holes around a target sensor node. Our next step is to solve the generalized puzzle. Plenty of sensor nodes are already randomly deployed in the region of interest, so we need to determine an algorithm to detect all of the coverage holes in the region (coverage holes on the border of the region are not included). Then, we will introduce our algorithm with a simple example as follows. Step 1: Boundary nodes detecting According to our algorithm mentioned in section 5.1, all sensor nodes which have detected the existence of coverage holes (coverage holes on the border of the region are not considered) constitute the set of boundary nodes. {A,B,C,D,E,F,G,H,I,J,M,N} is the set of boundary nodes in the example Figure 5 (a).
Step 2: Boundary arcs table As shown in Table 1 (a), we determine and record all of the boundary arcs in the region of interest.
Step 3: Coverage holes detecting We have mentioned previously that coverage holes are completely constituted by the boundary arcs corresponding to their boundary nodes. Therefore, coverage holes detecting puzzles are converted to the puzzle of classification of the boundary arcs.
Starting from any boundary arcs in Table 1 (a), such as boundary arc FAB , we find another boundary arc which shares the same last two letters with the starting boundary arc FAB . Boundary arc ABG , which has the letters A and B, implies its identity of the neighbor boundary arc of FAB . We continue to locate the neighbor arcs until the boundary arc shares the same first two letters F and A. We use a blue line to tick off all of the boundary arcs (Table 1(b) ) and write down the corresponding boundary nodes.
The first detected coverage hole can be expressed as follows: 1 H
Afterwards, we delete all boundary arcs ticked off by the blue lines, choose any boundary arcs left behind in the table as a starting boundary arc, and go on the algorithm mentioned above until all boundary nodes are classified to the set of their coverage holes. Boundary arcs tipped off by red lines constitute the second coverage hole, while boundary arcs tipped off by green lines constitute the third coverage hole (Table 1(c)).
GHNMJ
If there are still boundary arcs which can not constitute the coverage holes in the region left behind in the table . Then, part of the coverage holes on the border of the region are surrounded by these boundary arcs ( Figure 5(b) ). In Figure 5(b) , HGJ ， GJM ， JMN are left behind in the boundary arcs table . The letters of these three boundary arcs cannot link each other end to end, which implies they can only constitute part of the coverage hole, which has open borders. By using our algorithm, we detect the coverage holes in the region of interest and also detect the coverage holes on the border of the region. 
Simulations
In order to verify our algorithm presented in the previous section, we have successfully run several simulations in MATLAB [19] . The coverage hole detecting algorithm is used to find the hole boundary covers in a region of 1000x1000 units, when the sensor nodes are randomly deployed. 100 nodes are randomly deployed in the region and each node has a sensing radius of 100 units. Figure 6(a) illustrates the initial deployment of the sensor nodes in this region. It can be seen that 4 coverage holes are distributed in the region and 18 boundary nodes are on the border of the coverage holes. Figure 6(b) shows the simulation result based on our coverage holes detecting algorithm, which verifies that our algorithm can successfully locate the position of the coverage holes and seek out the boundary nodes around the holes (red circles indicate the sensing discs of the boundary nodes).
In this region, 20 boundary arcs surround the 4 coverage holes. The number of boundary arcs around the holes is 2 more than the boundary nodes, because two sensor nodes become boundary nodes twice. Beside the 20 boundary arcs, 8 more boundary arcs stay in the boundary arcs table constructed by our algorithm. These boundary arcs can only make up part of coverage holes on the border of the region. By researching the boundary arcs table with our algorithm, we can locate 4 coverage holes distributed on the border of the region. Figure 7 illustrates that as the number of deployed nodes increases, the number of coverage holes in the region (coverage holes on the border of the region are not included) decrease until the number of sensor nodes reaches a threshold. The number of coverage holes is close to 0 when the number of sensor nodes is greater than the threshold. This implies that there are enough sensor nodes to completely cover the region of interest.
From Figure 8 , it can be seen that as the number of deployed nodes increases, the average of the boundary nodes around each coverage hole decreases when the region of interest is not completely covered. However, the average stops decreasing and stays close to a constant value when the number of sensor nodes exceeds a threshold. The reason for the average closing to a constant value is the similar shapes of the coverage holes when the region of interest is completed covered. As the number of sensor nodes decreases, more coverage holes appear in the region of interest, including some big coverage holes. Hence, the average of boundary nodes around each coverage hole increases as a result of the expanding holes. 
Conclusions
In this paper, a coverage hole detecting algorithm is presented, due to the sparse deployment in the portion of the WSNs. Our algorithm can detect coverage holes in the region by detecting boundary nodes and boundary arcs around the coverage holes; coverage holes on the border of the region will also be detected. The feasibility of the algorithm presented in this paper is verified by the result of a simulation in MATLAB.
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